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Filtration in single isolated mammalian glomeruli
VIRGINIA J. SAVIN and DANIEL A. TERREROS
Departments of Medicine and Physiology, University of Kansas School of Medicine, Kansas City, Kansas
Filtration in single isolated mammalian glomeruli. We describe a new
method for the study of ultrafiltration in single isolated glomeruli in
vitro. Glomeruli without capsules were isolated by a sieving technique
at room temperature in isotonic medium containing 4 to 6 g of bovine
albumin per deciliter. The geometric volume of the glomeruli was
reflected in the exchangeable tritiated water space; 70 to 75% of the
water space was extracellular, most being intracapillary. When the
protein concentration of the bath surrounding a single glomerulus was
suddenly reduced, fluid entered the glomerular capillaries osmotically
and they swelled. Subsequently, erythrocytes flowed out of the broken
ends of the arterioles at the hilum. Individual erythrocytes could also be
observed to move within capillary lumens. The rate of filtration of fluid
into the capillary lumens was determined from optical measurements of
total glomerular volume following a change in protein concentration of
the external bathing medium. The filtration coefficient, Kf, was estimat-
ed from the initial slope of the relation between volume and time. The
Kf values for dogs, mature rabbits, immature rabbits, Buffalo rats, and
Munich-Wistar rats were 17.03 0.73, 5.57 0.47, 3.70 0.23, 5.97
0.36, and 6.79 (sEM) 0.41 nI/mm/mm Hg, respectively. The estimated
Kf values and the size of the glomeruli were proportional among
species. These studies show that the hydraulic conductivity of the
capillary walls and the hydrodynamic properties of the capillary lumens
can be determined in single isolated glorneruli. We suggest that this
method may be applied to the study of physiologic and pathophysiolog-
ic processes in glomeruli of several species including man.
La ifitration dans des glomerules uniques isolés de mammifères. Une
novelle méthode est décrite pour l'étude de l'ultrafiltration dans des
glomérules isolés in vitro. Des glomerules ont été isolés par une
techinque d'écrémage a temperature ambiante dans un milieu isotoni-
que contenant 4 a 6 g/dl d'albumine bovine. Le volume du glomdrule
était reflété par l'espace de diffusion de 3H20 echangeable; 70 a 75% de
l'espace de diffusion de l'eau était extracellulaire, Ia plus grande partie
étant intracapillaire. Quand Ia concentration de protéines du bain
entourant on glomerule unique est diminuée brusquement, de l'eau
pCnétre osmotiquement dans les capillaires glomerulaires qui gonflent.
Puis les erythrocytes s'Ccoulent par les extrémités rompues des artér-
ioles do hile. On peut observer le mouvement de certains érythrocytes a
l'intérieur des lumières capillaires. Le debit de filtration du liquide dans
les lumieres capillaires a été déterminé a partir de mesures optiques des
volumes glomerulaires après one modification de Ia concentration de
protéines dans le milieu externe. Le coefficient de filtration, Kf, a Cté
calculé a partir de Ia pente initiale de la relation entre le volume et le
temps. Les valeurs de Kf pour les chiens, les lapins adultes, les lapins
non adultes, les rats Buffalo et les rats Munich-Wistar étaient respec-
tivementde 17,03 0,73, 5,57 0,47, 3,70 0,23, 5,97 0,36et6,79
(sEM) 0,41 ni/mm/mm Hg. Les valeurs de Kf estimées et Ia taille des
glomerules étaient proportionnelles parmi ces especes. Ces etudes
montrent que Ia conductivité hydraulique des parois capillaires et les
propriétés hydrodynamiques des lumières capillaires peuvent ètre dé-
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terminees dans un glomérule unique isolé. Nous suggerons que cette
méthode peut Ctre appliquée a l'étude de processus physiologiques et
physio-pathologiques dans des glomdrules de diverses espèces, parmi
lesquelles l'homme.
The formation of urine by filtration of fluid across the
glomerular capillary has been studied by a number of ingenious
techniques [1—4], and clearances have been studied in intact
kidneys under a variety of conditions. Manipulation of pres-
sures in the ureter, renal artery, and vein has permitted
estimation of the hemodynamic forces and glomerular filtration
characteristics needed to produce the observed urine formation
[5]. Anatomic studies using tracer substances have advanced
our understanding of the localization and nature of the filtration
barriers within the glomerular capillary [6, 7]. Micropuncture
experiments, in which precise measurements of hydrostatic and
oncotic pressures within superficial glomeruli and blood vessels
of Munich-Wistar rats, have permitted the calculation of the
glomerular filtration coefficient, LpA or Kf, for individual
nephrons of this species [8, 91. Although these in situ measure-
ments have advanced our understanding of the dynamics of
glomerular filtration, calculation of a unique value for the
filtration coefficient can only be made under conditions that
abolish filtration equilibrium and in selected superficial neph-
rons of a single strain of rats. Less direct estimates of glomeru-
lar pressures have been made using intratubular stop-flow
pressure in rats and dogs and the filtration coefficient calculated
[10, 11]; the values for rats are essentially the same as those
obtained from glomerular puncture studies [10]. Noteworthy is
the report that the Kf for dogs is nearly the same as that for rats,
despite a marked difference in average glomerular size and
single nephron filtration rate.
On the basis of mathematical modeling, predictions have
been made about the nature of filtration pores, the effect of
hemodynamic alterations on glomerular filtration, and the effect
of molecular size and charge on filtration [12—15]. Modeling has
also been applied to estimate some rheologic properties of
glomeruli [16—17].
Several limitations apply to the studies cited above. In each
study, indirect means have been used to quantify glomerular
filtration. Micropuncture techniques permit the study of only a
few superficial nephrons of anesthetized animals. Variations in
vascular tone, intravascular volume, and renal perfusion may
make the calculation of a unique value for the filtration coeffi-
cient difficult or impossible and thus preclude the determination
of Kf in many physiologic and pathologic states. Individual
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animals cannot be studied serially. None of the available
techniques can be used to study human kidneys. Consequently,
it is clear that different methodologic approaches are needed to
obtain more direct information about certain properties of the
glomerulus, especially in animals whose glomeruli are inacces-
sible to direct micropuncture.
In this paper, we report an in vitro method for measuring
ifitration by isolated glomeruli from rats, rabbits, and dogs.
Glomerular filtration coefficients were estimated for each spe-
cies. There was close agreement between the Kf determined in
isolated rat glomeruli in vitro and that reported based on direct
puncture of glomeruli of Munich-Wistar rats in situ [81. Our K
values for dog glomeruli were about threefold higher than those
reported from stop flow studies [11]. We report the first
measurements of K in rabbit glomeruli.
Methods
Kidneys from adult rats of two strains (Buffalo and Munich-
Wistar), rabbits (New Zealand White), and mongrel dogs were
used in these studies. All animals were maintained on a normal
diet and given free access to water until the experiment started.
Immature rabbits were less than 8 weeks old and weighed about
1.5 kg. Mature rabbits were breeder males weighing more than 3
kg. Animals were anesthetized (rats with ether and rabbits and
dogs with i.v. pentobarbital), one or both kidneys were re-
moved through a midline abdominal incision, and a portion of a
kidney was dissected with a scalpel and placed immediately in
medium at room temperature.
The bathing medium for all experiments consisted of an
isotonic salt solution which contained, in millimoles per liter:
sodium chloride, 115; potassium, 5; sodium acetate, 10; dibasic
sodium phosphate, 1.2; sodium bicarbonate, 25; magnesium
sulfate, 1.2; calcium chloride, 1.0; and glucose, 5.5. The pH was
adjusted to 7.4 by equilibration with 5% carbon dioxide and
95% oxygen immediately prior to use. The pH remained in the
range of 7.4 to 7.5 throughout the experiments. Bovine albumin
(Sigma Chemical Co., St. Louis, Missouri), dialyzed against the
medium for 18 to 24 hours, was added to the working media to
give different final protein concentrations. The protein concen-
tration was estimated in all media by refractometry (American
Optical Total Solids Meter). Oncotic pressure was calculated
from protein concentrations [181. The calculated oncotic pres-
sure and the oncotic pressure measured by membrane oncome-
ter (Wescor Inc., Logan, Utah) agreed closely.
Glomerular isolation. Approximately 1 to 5 g of renal cortex
from kidneys that had been stripped of their capsules was
minced in medium at room temperature to produce tissue cubes
about 1 to 3 mm in size. Glomeruli were isolated by pressing the
fragments against a stainless-steel screen (80 mesh, Cistron
Inc., New Jersey) with a stainless-steel spoon spatula. The
material that passed through this screen was rich in glomeruli;
most of the tubules were retained above the screen. The initial
glomerular-rich suspension was further purified by methods
specifically tailored to each species. For rats, the glomerular-
rich suspension was rinsed through a 150-mesh screen with an
excess of medium. Glomeruli passed through the 150-mesh
screen; tubule fragments were retained above the screen. The
filtrate was finally rinsed through a 200-mesh screen with
excess medium. With this step, the rat glomeruli were retained
above the screen, and small particles passed through. Glomeruli
retained on the screen were washed off with fresh medium into
a plastic test tube (Falcon Plastics, Oxnard, California). For
rabbits, the fragments were pressed through a 80-mesh screen,
the glomerular-rich suspension was rinsed through a 120-mesh
screen, and the glomeruli in the filtrate were retained above a
150-mesh screen. For dogs, the fragments were pressed through
an 80-mesh screen, and the glomeruli were retained above a
120-mesh screen.
The preparation of glomeruli from each kidney was moni-
tored visually at each step of the isolation procedure. A drop of
tissue suspension was placed on a microscope slide and exam-
ined at x40 and x 100 with a Leitz Epivert microscope. This
procedure insured that glomeruli were indeed isolated in sub-
stantial numbers from each preparation. Usually the stepwise
isolation described above gave a final suspension in which more
than 80% of the solid material was glomeruli. Most of the
glomeruli isolated in this fashion were free of Bowman's
capsule, tubular fragments, and arterioles. There were some
variations in the purity of the final preparation related to the
species. With rabbit kidneys, it was difficult to eliminate tubular
fragments. Rat glomeruli retained a higher percentage of their
capsules in comparison to glomeruli of dogs and rabbits.
The preparation of glomeruli by this method took about 30 to
45 mm on the average. The usual yield of glomeruli was about
l0 glomerulilg of renal cortex. The yield of glomeruli was
diminished when large tissue fragments were used, when inade-
quate pressure was used in sieving the fragments through the
initial screen, and when the glomeruli were not adequately
rinsed through subsequent screens. A higher fraction of torn
and fragmented glomeruli was produced by pressing tissue
fragments through the initial screen too vigorously or by
scraping the bottom of the initial screen. Tissue that adhered to
either side of the initial 80-mesh screen was discarded.
In preparations used for our experiments, most of the glomer-
uli appeared to be intact when all surfaces were examined by
light microscopy. Cells of isolated glomeruli excluded trypan
blue. Individual epithelial cell bodies were visible on the surface
of peripheral capillaries. Epithelial cell nuclei could also be
distinguished, but foot processes were not evident at x630.
Refractile basement membrane could be seen defining capillary
walls. Occasionally, individual capillary 1oops showed exposed
basement membrane denuded of epithelial cells. These dam-
aged loops tended to balloon excessively when exposed to an
oncotic gradient (vide infra). Endothelial cells could not be
discerned nor could we focus on mesangial cells. Scanning
electron microscopic observations were made of 20 glomeruli
from three rats. Epithelial cells covered every capillary exam-
ined and epithelial cell foot processes interdigitated in a normal
fashion. Occasional areas of cytoplasmic bleb formation were
evident. Rat glomeruli were also examined by transmission
electron microscopy. Low power examination showed intact
capillary basement membrane and normal appearing endothelial
cells and epithelial cells (Fig. 1).
The preparation of glomeruli was performed in media con-
taining bovine albumin because of the following observations.
When glomeruli were removed and suspended in isotonic saline
solutions containing no serum proteins, there was filtration of
solution from the medium into the lumens of the glomerular
capillaries. Filtration occurred because serum proteins trapped
in the glomeruli when blood flow was interrupted produced an
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initial oncotic gradient across the glomerular capillary wall
when the glomeruli were placed in protein-free isotonic media.
This phenomenon of reverse ultrafiltration was evinced by the
fact that glomeruli isolated in the absence of protein in the
medium had no erythrocytes in their capillary lumens. The
reverse ultrafiltration caused the blood in the capillaries to flow
out of the broken ends of the arterioles. For the studies
described, the erythrocytes served as a useful marker for
glomerular ultrafiltration, and the plasma proteins were neces-
Fig. 1. A Scanning electron micrograph of the epithelial
surface of an isolated rat glomerulus. Glomeruli were
isolated by sieving technique in 4% BSA medium and
fixed in 1.5% gluteraldehyde, Epithelial cells cover the
glomerular capillaries and interdigitate normally. No ar-
eas of exposed basement membrane were seen (magnifi-
cation x21,000). B Transmission electron micrograph of
an isolated rat glomerulus. Glomeruli were isolated and
fixed as for view A, imbedded in agar and processed in
small agar cubes. Epithelial cells with intact foot process-
es cover the capillaries. Capillary basement membrane
and mesangial matrix are intact. Endothelial cells show
normal fenestrations. Capillary lumens are widely patent
(magnification, X 10,000).
sary to provide the oncotic gradient to produce filtration.
Therefore, to keep the cells and plasma within the glomerular
capillaries during isolation, bovine albumin was included in the
preparative medium in concentrations between 4 and 12 g/dl.
The actual concentration of bovine albumin in the isolation
medium was varied in that range depending on the objective of
the experiment.
Analysis of changes in glomerular size. To estimate transient
changes in glomerular volume, we measured the mean outer
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diameter of single glomeruli. Approximately 10 glomeruli were
transferred in 100 p.l of medium to a chamber mounted on the
stage of a Leitz Epivert microscope. All measurements were
performed at room temperature unless stated otherwise. Room
temperature was chosen because the glomerular size change
occurred less rapidly than it did at 370 C, allowing us to make
more size measurements before a maximum size was reached.
The medium was not oxygenated during these measurements
because the procedure took less than 5 mm on the average, and
the washing solutions had been equilibrated with carbon diox-
ide and air prior to use (see above). A small number of
experiments were performed in which the medium was oxygen-
ated and rigorously maintained at a pH of 7.4 to 7.5 by constant
equilibration with 95% oxygen and 5% carbon dioxide. Filtra-
tion in these experiments was comparable to that under less
closely controlled conditions. Glomeruli selected for study met
the following criteria: (a) the capsule was absent, (b) the
glomerular tuft was apparently intact without separation of
lobules and with no torn areas, (c) the glomerulus was spherical
or elliptoid in shape, and (d) there were no attached arteriolar or
tubular fragments. With a standard light source and magnifica-
tions of x400 or x630, we could identify epithelial cell bodies,
the refractile basement membrane, and capillary lumens con-
taining erythrocytes in peripheral portions of a glomerulus. We
could not distinguish endothelial or mesangial cells under these
conditions.
After a glomerulus was selected for study, it was held in
position on a glass micropipette (outer diameter, about 15 p.m)
by gentle suction using a 10-mi plastic syringe. The cross-
sectional area of the pipette tip covered about 1% of the
glomerular surface. Refractile particles within the lumen of the
holding pipette remained stationary during the study, demon-
strating that there was no significant movement of fluid from the
glomerulus into the pipette during the studies. The glomerulus
held on the pipette was viewed with a videocamera (HB.40S,
Hitachi Electronics, Ltd., Tokyo, Japan) mounted on the
trinocular head of the microscope. The image was displayed on
a videomonitor (Hitachi Electronics Ltd.). The videoimage was
simultaneously recorded using a Sony VO-2800 video recording
equipped with VMI RC-505 for stop action control (Video
Masters Inc., Kansas City, Missouri). Serial scans of the image
(1/60-sec intervals) were numbered sequentially using a Coun-
ter/Timer Model VC-405 (Thalner Electronic Lab. Inc., Ann
Arbor, Michigan). This system permitted recording of glomeru-
lar size and review of changes in glomerular configuration,
capillary distension, and erythrocyte movement.
Size measurements were taken from the videomonitor using a
flexible clear plastic ruler. To minimize optical distortion, we
chose a magnification that caused the image of the glomerulus
to fill about one half of the diameter of the screen, and each
glomerulus was positioned in the center of the screen. The
measurements were calibrated using the video image of a
micrometer. Some nonlinearity was noted (up to 10% variation
in magnification) according to the position and orientation of
the micrometer image on the video screen. Because of this
nonlinearity, each glomerulus was held for recording and mea-
surement in a fixed position near the center of the screen where
optical aberrations were minimal and the potential error was
constant for a given experiment. For glomeruli from rats and
rabbits, a x40 objective was used with a final magnification was
x 1333. Because glomeruli from dogs were larger, a X20 objec-
tive was required and the final magnification was X667.
Washing
pipette
Fig. 2. Diagramatic representation of an isolated glomerulus during
exchange of external medium. A single glomerulus was selected and
held on a micropipette while new medium was delivered by the washing
pipette adjacent to the glomerulus. Four diameters were measured from
the recorded video image and averaged for each time interval.
To estimate the diameter of the glomerulus in an individual
scan, we first centered a grid over the image and fixed it in
place. This grid consisted of coordinates arranged at 450 angles.
The outer diameter of the glomerulus was measured along each
of these four coordinates. Average glomerular diameter was
calculated as the mean value of the measurements along the
four coordinates corrected for magnification (Fig. 2). With this
method, the diameter of a glomerulus in a single image was
reproducible with a coefficient of variation of 1%. The diameter
of a glomerulus under control conditions (that is, single mea-
surements in 10 consecutive images) also gave a coefficient of
variation of 1%. Giomerular volume (expressed in nanoliters)
was calculated using the mean diameter (D) of the glomerulus
and the formula for the volume of a sphere V = 4/3 ir (D/2)3.
Experimental procedure. During an experment, glomeruli
were kept in their respective isolation media at room tempera-
ture in a capped plastic test tube (approximately l0 glomeruli
per 4 ml of medium). Aliquots of glomeruli were transferred to
the observation chamber with a Pasteur pipette, and a single
glomerulus was selected and held on the holding pipette.
Baseline diameters were usually measured four times immedi-
ately prior to the exchange of the external bathing medium.
A large-bore pipette (tip diameter, about 5 mm) was placed
within 5 mm of the glomerulus so that the target was directly in
the stream of flow from the pipette (Fig. 1). The bath medium
(initial volume, 100 p.1) was changed by suffusing new medium
through the washing pipette by gravity feed from a reservoir.
The suffusion rate was about 3 mi/sec. This rate of fluid change
caused great turbulence around the giomerulus and assured that
unstirred layers of fluid adjacent to the external surface of the
glomerulus were minimized. Adequate stirring around a glomer-
ulus was verified in two ways. First, when the protein concen-
tration of the medium was changed, there were variations in
refractile properties of the solutions, which caused the Schler-
em phenomenon. The streams disappeared within 2/60 sec and
demonstrated that medium adjacent to the glomerulus was
completely exchanged during this period. Second, refractile
particles in the isolation medium were swept away from the
region of the glomerulus within the first 2/60 sec, again demon-
strating adequate washing with new medium.
In studies in which a change in diameter was measured in
relation to a change in media composition, the zero time, that is,
the instant in which the external medium about the glomerulus
was exchanged, was taken as the first scan in which Schierein
streams or movement of refractile particles was seen.
Isotopic measurement of glomerular volume. For isotopic
measurement of glomerular volume, the suspensions were at
least 90% glomeruli. Some suspensions were pure enough after
the initial isolation procedures described above. Other suspen-
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Table 1. Geometric and isotopic estimates of glomerular volume°
Species
Geometric volume
ni/glomerulus
3H20 space
nI/glomerulus
'4C-inulin space
ni/glomerulus
Cell H20
ni/glomerulus
Rat 1.31 0.05 (17) 1.14 0.08 (4) 0.85 0.06 (4) 0.30 0.01 (4)
Rabbit, mature 1.82 0.26 (5) 1.60 0.08 (4) 1.11 0.01 (4) 0.49 0.07 (4)
Rabbit, immature 0.79 0.03 (10) b b b
Dog 4.13 0.25 (16) 4.67 0.54 (7) 3.46 0.39 (7) 1.22 0.15 (7)
a Values are the means SEM. Parentheses contain the number of animals studied.
b Analysis was not done on these glomeruli due to contamination by tubule fragments.
sions required further purification. If small particles of tissue
and cells were present, glomeruli were allowed to settle to the
bottom of a test tube, and the supernatant was discarded. If
large fragments of tissue were present, the suspension was
filtered again through a clean screen through which the suspen-
sion had previously passed, using very gentle washing. As
noted above, suspensions of rabbit glomeruli were the most
difficult to purify.
Glomeruli were resuspended in 1% bovine serum albumin
(BSA) medium at a concentration of about l0 glomeruli/mI.
BSA of 1% was chosen because this solution separated well
from 1.03 silicone oil at room temperature whereas higher
concentrations of BSA tended to spin down through the oil.
Tritiated water (2 li.1 containing 49.5 p.Ci; specific activity, 24.75
p.Ci!p.l) and 14C-inulin (2 p.! containing 0.5 p.Ci; specific activity,
12.3 p.CiIp.mole) (New England Nuclear, Boston, Massachu-
setts), were added to 5 ml of this suspension. The suspension
was incubated at 25° C for 30 to 60 mm to allow equilibration of
the isotopes. Aliquots (100 to 500 p.l) of the glomerular suspen-
sion (1000 to 5000 glomeruli) were delivered into Eppendorf
tubes (Brinkmann, Westbury, New York) that contained 500 p.1
of 1.03 silicone oil (Contour Chemical Corp., Woburn, Massa-
chusetts) at 25° C. These tubes were centrifuged for 1 to 2 mm
in a Beckman Microfuge (model B, Beckman Instruments, Palo
Alto, California) at approximately 11,400 rpm (x9,380g). Dur-
ing this centrifugation, the glomeruli were spun through the oil
and the medium remained behind. Supernatant samples (10 p.1)
were taken from the medium that remained above the oil layer.
The tubes were then frozen in liquid nitrogen, and their tips,
containing glomeruli, were cut off with a scalpel blade and
placed in fresh Eppendorf tubes containing 500 p.1 of 5%
trichloroacetic acid (TCA) in which they were extracted over-
night at 25° C. The tubes were spun for 2 mm. Aliquots of 200 or
300 p.1 were transferred to scintillation vials containing 10 ml of
Aquasol (New England Nuclear). Aliquots of supernatant were
also incubated with TCA, centrifuged, and transferred to scin-
tillation vials in an identical manner. Triplicate samples of
glomerular extracts containing "C-inulin and tritiated water
were counted in a dual channel scintillation counter (Searle
Analytic, Mark III 6880, Des Plains, Illinois). The disintegra-
tions per minute (dpm) were computed in the usual manner by
the different energies of '4C amd 3H. The water content
(tritiated water space) was calculated from
glomeruli 3H total (dpm)
medium 3H (dpm/p.l)
and the extracellular volume (14C-inulin space) was calculated
from
glomeruli '4C total (dpm)
medium 3H (dpm/ p.!)
Glomeruli in an aliquot of suspension medium were counted
using the inverted microscope at low magnification. Water and
inulin spaces were divided by the number of glomeruli, so that
the final volumes are expressed as nanoliters per glomerulus.
Intracellular water was taken as the difference between the
tritiated water and the '4C-inulin spaces.
Results
Size and compartmentation of isolated glomeruli. The aver-
age volume of glomeruli isolated from the renal cortex of the
several species studied varied considerably. In general, dog
glomeruli were larger than were rabbit or rat glomeruli (Table
1). Extracellular water comprised a significant fraction of the
total volume of all glomeruli. Approximately 70 to 75% of the
water was extracellular in each species studied. Because geo-
metric measurements of glomertilar size could not reasonably
be made on the same glomeruli on which water spaces were
analyzed, it was not possible to compare rigorously the geomet-
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Fig. 3. Time course of increase in glomerular size during reverse
ultrafiltration. The medium was changed beginning at time 0. Washing
continued throughout the period shown. Erythrocyte ejection began
when the glomerulus reached a maximum volume (Vmax) and continued
for several seconds. A small decrease in size occurred concurrent with
erythrocyte ejection. In the experiment shown, the medium bathing a
rabbit glomerulus was changed from 8 to 0 g/dl bovine albumin. Mean
glomerular diameter is shown in centimeters as taken directly from the
videomonitor (TV centimeters). Glomerular volume was calculated
from the mean diameter using a constant magnification factor and the
formula V = 4/3 ir (D/2)2.
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Fig. 4. A Relation between the fractional increase in glomerular
diameter and the initial protein concentration of the medium. All
glomeruli were washed with protein-free medium. Dm is the maximum
diameter after change of medium and D0 is the initial diameter prior to
change of medium. C0 is the bovine albumin concentration of the initial
medium, in g/dl. N = 8, 12, 16, 15, and 15 for 2, 4, 6, 8, and 12 gldl,
respectively. B Relation between the fractional increase in glomerular
volume and the initial protein concentration of the medium. These are
the same experiments shown in view A, Vmax is the maximum volume
after the change of medium, and V0 is the initial volume for each
glomerulus. C0 is the bovine albumin concentration of the initial
medium.
tic and total water volumes. The geometric volumes shown
were calculated by averaging the volumes of 5 to 10 glomeruli
from each animal; these glomeruli had been isolated in 4 to 6
g/dl BSA media and were nonrandomly selected for convenient
measurement as described above. Thus, the geometric and
isotopic volumes are not strictly comparable. Nevertheless,
geometric and isotopic estimation of volumes showed a strong
correlation when compared between species (Table 1). This
correlation was also evident within species when geometric and
isotopic volumes of glomeruli from 5 dogs were compared.
Evidence for filtration in isolated glomeruli. The studies on
filtration in single glomeruli in vitro were based on the observa-
tion that glomeruli isolated in 4 g/dl or higher concentrations of
bovine albumin in isotonic medium retained erythrocytes within
their capillaries. When the protein concentration of the medium
was abruptly reduced to a lower value, the glomerular capillar-
ies became distended, total glomerular size increased, and the
erythrocytes were forcefully ejected from the capillaries
through the broken arterioles. This observation provided direct
proof that fluid was filtered into the capillaries in response to a
difference in oncotic pressure.
When these events were examined in more detail by stop-
action playback of videorecordings, two distinct phases were
identified in the glomerular response to a change in protein
concentration of the external bathing medium (Fig. 3). In the
first phase, coincident with reduction of oncotic pressure, there
was swelling of the glomerulus. During this initial phase capil-
lary lumens of peripheral loops became distended, indicating
that fluid moved into the lumens. Glomerular size increased to a
maximal extent approximately 1 sec following the change in
medium. During this phase, erythrocytes did not move, and the
glomerulus acted as a closed system. The second phase oc-
curred as glomerular size reached a maximum. During this
phase, erythrocytes were swept along the glomerular capillaries
by fluid movement. Ultimately, the erythrocytes and intracapil-
lary fluid were ejected into the external medium from the
broken afferent and efferent arterioles at the hilum. The ejection
phase lasted up to 10 sec. A small decrease in glomerular size
was noted after erythrocyte ejection began and probably re-
flected a decrease in intracapillary volume.
We interpreted this sequence of events to show that fluid was
filtered into capillaries causing the intraluminal pressure and
capillary volume to rise. The delay in erythrocyte flow and
ejection was probably due to the compliance of the capillary
wall, the inertia of the erythrocytes and the hydraulic resistance
of the glomerular capillaries and the arteriolar fragments. The
final decrease in glomerular size was due to loss of blood from
the capillaries and dissipation of the transcapillary hydrostatic
pressure.
In view of these dynamic changes in glomerular size and
erythrocyte movement, it was possible to estimate certain
characteristics of glomerular performance. For example, hy-
draulic conductivity could be estimated from the initial rate of
increase in glomerular size in response to oncotic gradients;
osmometric and compliance properties could be estimated from
changes in volume in response to small gradients (that is,
oncotic gradients too small to cause erythrocyte ejection) in the
steady state; rheologic features of blood flow could be assessed
qualitatively from the uniformity of erythrocyte movement
within capillaries and the rate and duration of erythrocyte
ejection from vascular fragments.
Osmometric behavior of isolated glomeruli. It was possible to
obtain a qualitative view of osmometric behavior of isolated
glomeruli by determining the relation between the initial trans-
capillary protein concentration gradient and the subsequent
fractional change in glomerular size. When glomeruli were
isolated in media of different protein concentrations and then
exposed to lower protein concentrations, their maximum vol-
umes (that is, the largest fractional increase in size) were
directly proportionate to the initial difference in protein concen-
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FIg.6. Example of K1 estimation in a single glomerulus. The increase in
volume of a rat glomerulus during change of medium from 12 to 4 g/di
• (iir = 65 mm Hg) is shown on arithmetic coordinates. Kf calculated
from the maximum (see methods) was 2.82 nI/mm/mm Hg. The
inset shows transposition of the data to a logarithmic form in which V,I
iV is the fractional increase in volume. The line was calculated by the
least squares method. For this glomerulus, tV2 was 42.2 msec, and the
rate constant (k) was 0.016. K1 determined in this way was 2.0 nI/mini
_____________ mm Hg.
before the oncotic gradient is dissipated or significant trans-
membrane hydrostatic pressure develops. This can be done by
inscribing a detailed curve relating glomerular volume and time
immediately subsequent to applying a transmembrane oncotic
gradient (Fig. 6). Logarithmic transformation (see inset) gives a
good empiric fit to the data from which the initial rate of volume
increase can be computed. In practice, however, we were not
able to determine a complete curve for each glomerulus.
Consequently, Kf was estimated from the greatest volume
increment that occurred during a single 1/60-sec interval after
the initiation of the medium change:
Kf (ni/mm/mm Hg) = LiT
where zV is the increment in volume (nO in a 1/60-sec interval
(st), and Mi is the transmembrane difference in protein oncotic
force (mm Hg) at zero time. By convention, K1 is equivalent to
LA, where LA is the filtration coefficient per glomerulus.
Initial solutions of 4 to 6 g/dl were chosen to approximate
physiologic conditions. By experience, we learned that an
initial gradient of about 15 to 25 mm Hg, which is in the range of
the net filtration pressure at the afferent part of the glomerular
capillary in vivo, gave optimal changes in glomerular size.
The apparent Kf for dogs was considerably greater than it
was for rats and rabbits. The K1 values appeared to vary in
relation to the glomerular size and filtration rate of the species
studied (Table 2). Kf for individual glomeruli from a single
animal sometimes varied by up to threefold. The SEM for
glomeruli from a single animal was usually about 10 to 15% of
the mean K1 value for that animal. As shown in Table 2, the SEM
for the mean Kf of individual animals within species ranged
from 4 to 9% of the mean Kf value for that species.
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Fig. 5. Time course of increase in glomerular size caused by differing
oncotic gradients. Glomeruli from a single kidney were isolated in
medium with bovine albumin concentration of 12 g/dl and washed with
one of the following solutions: protein-free (0), 6 g/dl (x), or 12 mg/dl
(•). Both the rate of increase in glomerular size and the ratio of Vmax tO
V0 were dependent on the difference in protein concentration between
the initial and final medium.
tration (Fig. 4, a and b). When glomeruli isolated in common
medium were exposed to lower protein concentrations, the
maximum volume was also increased in proportion to the initial
difference in protein concentration across the capillary wall
(Fig. 5). These studies show that the amount of fluid entering
the capillaries was directly dependent on the initial transmem-
brane protein gradient. Thus, in these direct tests, the glomeru-
lar capillary demonstrates osmometric behavior in response to
transmembrane oncotic gradients.
In a few experiments, we lowered the osmolality of the
medium, rather than the serum protein concentration, by wash-
ing with 150 mOsm of isoncotic hypotonic medium. This
maneuver caused the epithelial cells to swell visibly, but there
was no filtration of fluid into the capillaries, and the erythro-
cytes did not move appreciably. These studies showed that salt
gradients could not generate sufficient transcapillary force to
ultrafilter fluid, reflecting the high permeability of glomerular
capillaries to electrolytes.
Estimation of ultrafiltration coefficient (K1). The initial flow
of fluid into the capillary lumens in response to a change in
oncotic pressure in the bath provided an estimate of the
hydraulic conductivity of the glomerular filtration barrier. To
compute the filtration coefficient of an isolated glomerulus by
an osmometric technique, we had to determine the initial rate of
transmembrane fluid flow in the instant prior to erythrocyte
movement while the glomerulus behaves as a closed system and
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Table 2. Estimated size and ultrafiltration coefficient of isolated glomerulia
Species
Geometnc size
Kf, in vitro
ni/mm/mm Hg
SNGFR
ni/mm
Surface areab
cm2 X itt5
Volume
ni
Rat
Rabbit, mature
Rabbit, immature
Dog
1.62 0.04 (17)
2.05 0.16 (5)
1.23 0.08 (10)
3.45 0.14 (16)
1.31 0.05 (17)
1.82 0.26 (5)
0.79 0.03 (10)
4.13 0.25 (16)
5.97 0.36 (17)
5.52 0.47
3.70 0.23 (10)
17.03 0.73 (16)
20 to 40
15 to 30
50 to 100
a Values are means SEM. Parentheses contain the number of animals studied.
b Surface area was calculated as 3 IT D2 [41.
A small number of determinations were carried out at 37° C
using rabbit glomeruli. In these experiments, the Kf at 25° C
was 6.46 0.44 nl/min!mm Hg (N = 18) and at 37° C was 9.06
0.96 ni/mm/mm Hg (N = 8; t = 4.33; P < 0.001). We used 25° C
for most of the studies reported here because the fluid fluxes
were slower than at 37° C, thereby improving our ability to
make accurate measurements of Kf.
Because Kf determined in the above experiments was esti-
mated from the movement of fluid in the direction opposite to
that of normal glomerular filtration, we also determined the Kf
by arranging the oncotic gradient to produce filtration in the
normal direction in a small number of rat glomeruli. In these
experiments, the protein concentration of the bath was changed
from 6 to 4 gIdl or from 6 to 8 g/dl. Kf was estimated in response
to each change in protein gradient. K for reverse filtration and
for normal filtration were 8.61 1.15 (N = 6) and 7.75 0.75
(N = 5) nl/min/mm Hg, respectively; t = 0.91, P > 0.10.
Discussion
In this paper we have described a new method for studying
certain functional characteristics of glomeruli in vitro. We have
been able to isolate glomeruli that retain several properties,
suggesting that they function as they do in situ. First, they are
morphologically intact. Direct visual observation shows that
although some glomeruli are torn or fragmented, many are
intact spheres of capillaries with visible epithelial cell bodies
and open capillary lumens. Normal epithelial cells with intact
foot processes and endothelial cells with numerous fenestrae
are visible by scanning electron microscopy. Transmission
electron microscopy shows patent capillary lumens and normal
mesangial cells and matrix, as well as intact endothelial and
epithelial cells. Second, they retain open capillary spaces that
comprise a significant part of the glomerulus. The mean glomer-
ular size estimated both from visual measurements and radio-
isotope spaces of isolated glomeruli for each of several species
examined corresponds closely to the values reported in the
literature [41. Inulin space in suspensions of glomeruli com-
prised 70 to 75% of the water space, suggesting that the bulk of
the water in isolated glomeruli is in extracellular compartments.
This finding is consistent with published morphometric studies
of glomeruli [19, 201 and assures that significant amounts of
intracapillary water are available for filtration in vitro. Third,
isolated glomeruli respond as predicted when they are exposed
to salt or protein gradients, indicating that the isolated glomeru-
lus is very permeable to fluid and salts but remains relatively
impermeable to protein. Furthermore, the findings that a signifi-
cant change in size occurs when an oncotic gradient is applied
and that erythrocytes are ejected from the vascular pole suggest
that the capillary network of the isolated glomerulus is a closed
system except for the arteriolar orifices.
We obtained more direct proof for filtration by examining
individual capillary loops on the outer surface of glomeruli at
high magnification while applying transmural protein gradients.
When fluid moved into the glomerulus, the capillary lumens
became distended and the intraluminal diameter, as well as
glomerular size, increased; when fluid left the glomerulus, the
inner diameter of the capillary decreased. Under these condi-
tions, epithelial cell bodies were often visible, and the cells
showed no change measurable in size during changes in protein
concentration of the medium. By the contrast, when we selec-
tively reduced the sodium chloride concentration of the exter-
nal bath, the glomerular volume increased appreciably and the
epithelial cells swelled visibly; capillary volume did not change
and no erythrocyte ejection occurred. These observations indi-
cate that the glomerular capillary is relatively impermeable to
serum proteins but permits filtration of water and electrolytes,
whereas the glomerular cells are relatively impermeable to the
electrolytes. These observations are consistent with the long-
held view that electrolytes are filtered principally through
extracellular paths in the glomerulus.
The relationship between the change in glomerular volume
and external protein concentration is complex. Nonetheless, a
qualitative view of the osmometric behavior of glomeruli was
possible. Because the broken ends of the capillaries are open to
the external medium, the intracapillary hydrostatic pressure is
probably nearly equal to that of the bath in the initial state.
Thus, it is reasonable to assume that in the basal state the
colloid osmotic pressure of the serum proteins in the capillaries
is exactly balanced by the colloid osmotic pressure of the
bovine albumin in the bath. When the external protein concen-
tration is decreased and a transcapillary colloid osmotic pres-
sure difference is created, fluid enters the capillary lumens. In a
classical osmotic system with a highly compliant membrane,
the inward filtration of solvent should continue until the intra-
capillary protein concentration is diluted to the point that the
transmembrane oncotic pressure is reduced to zero. Ideal
osmometric behavior was not expected in these experiments,
however, because the walls of capillaries are elastic [81. A
hydrostatic pressure is undoubtedly generated in the course of
capillary enlargement in vitro. The increased intracapillary
pressure results in the ejection of blood from the glomerulus.
Studies to evaluate the compliance of the capillary wall (unpub-
lished) indicate that when the lumens are initially relatively
collapsed, small transcapillary protein gradients may cause a
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relatively large increase in volume during filtration into the
lumens without causing erythrocyte ejection. By contrast,
when the lumens initially are relatively expanded, a small
transcapillary oncotic gradient (6 to 8 mm Hg) may cause
erythrocyte ejection with a nearly imperceptible increase in
glomerular volume. Thus, the relation between transmural
protein gradients and the maximal increase in glomerular size is
most nearly ideal in glomeruli incubated initially in high protein
concentrations. To get a qualitative view of the osmometric
response of glomeruli to different protein gradients, we studied
the relationship between the initial transcapillary protein gradi-
ent and the maximal increase in glomerular volume. The results
shown in Figure 4, a and b, show clearly that the glomerulus
behaved as an oncometer to a reasonable degree. The rate of
water movement into the capillary lumens was also proportion-
ate to the transmural difference in protein concentration (Fig.
5), providing evidence that fluid fluxes in our experiments were
dependent on the difference in oncotic pressure between the
lumen and bath solution.
The ultrafiltration coefficient of the glomerulus can be esti-
mated using the approach outlined in these studies. As a basis
for this measurement, we have shown that the glomerular
capillaries obeyed osmometric principles, that the change in
glomerular size is due principally to a change in intracapillary
volume, and that the relation between the increase in glomeru-
lar volume and time was monotonic to a first approximation
(Fig. 5). We have assumed that the change in transmural protein
gradient was instantaneous, and that there were minimal Un-
stirred layers adjacent to the outer glomerular surface because
direct observations indicated great turbulence near the external
surface of the glomeruli. It is possible that there may have been
delays in the exchange of medium into the deeper portions of
the glomeruli that might lower the calculated value for the
ultrafiltration coefficient. We have also assumed that the largest
rate of change in glomerular volume (V/t) estimated in the
first 0.05 sec after the medium change approximated the initial
slope of the relation between volume flow and time; that the
initial transmural hydrostatic pressure change was small in
relation to the initial transmural oncotic pressure gradient (vide
supra); that the filtration area and filtration coefficient did not
change in the course of filtration; and that there was no
concentration polarization of solutes adjacent to the capillary
walls.
Our estimates of the filtration coefficient (K1) are in reason-
able agreement with direct micropuncture studies of surface
glomeruli in rats [8, 9], but our estimate of the Kf for dogs is
larger than that previously reported by a factor of about
threefold [9, 101. The Kf values obtained in this study appear to
be proportional to the size of the individual glomeruli and the
overall GFR's in the different species studied (Table 2). These
Kf values, like those reported in micropuncture experiments,
include the area term, that is, the filtration coefficient is
expressed per glomerulus (LA) rather than per unit of filtering
area (Lv). The correlation between glomerular size and Kf
suggests that the area available for filtration is a strong determi-
nant of Kf. Thus, the difference in K1 values for different animal
species may be largely a function of differences in the filtration
area per glomerulus, whereas the actual capillary hydraulic
conductivity (L9, ni/mm Hg/min/cm2) of several mammalian
species may be more nearly constant than previously has been
suspected.
Several limitations are associated with our in vitro estima-
tions of Kf. Although the isolated glomeruli that we study are
morphologically intact, we cannot be sure that the filtration
barrier is entirely normal. If any swelling of glomerular cells
occurs during exposure to in vitro conditions, the hydraulic
conductivity may be altered and K,' changed in direct propor-
tion to this alteration. Additionally, if cellular changes increase
glomerular permeability to albumin, the effective oncotic gradi-
ent used to produce filtration will be overestimated and K,'
underestimated. Technical limitations concerning the media
change and measurement of V/t and the effective oncotic
gradient may also lead to underestimation of K1: (a) limited
exposure of the deeper parts of the glomerular capillary to the
washing medium may decrease the area available for filtration;
(b) unstirred layers adjacent to the capillary wall may decrease
the effective oncotic gradient; (c) the hydraulic pressure gradi-
ent across the capillary space that develops during fluid inflow
also opposes filtration; (d) the oncotic pressure within the
capillary decreases as reverse filtration occurs and may lower
the oncotic gradient by up to 5% at the time Kf is estimated; (e)
the inability to make volume estimates more often than at 1/60-
sec intervals may lead to an underestimate of V/t; (f) zV also
may be underestimated if any of the increase in intracapillary
volume, for example, in the centrally located capillaries, is not
reflected by an increase in glomerular diameter; (g) the use of
250 C may lower the apparent K,'; (h) conversely, K,' may be
overestimated because the largest V that occurs in a single
interval is used for estimating K,'.
It is important to consider how differences between in situ
and in vitro methods for determining K,' may affect the calculat-
ed K1 values. Estimates of K,' determined by direct micropunc-
ture of glomeruli are performed while blood is flowing through
the capillaries. The driving force for filtration is the difference
between the transmural hydrostatic and oncotic pressure gradi-
ents. Maximal filtration is dependent on optimal blood flow
through the parallel array of glomerular capillaries. A unique
value for K,' can be calculated only when filtration equilibrium
has been abolished by adequate glomerular perfusion [1, 21. In
contrast, under steady-state conditions in vitro, blood flow and
filtration have stopped and no significant hydrostatic or oncotic
pressure gradients are present. When an oncotic gradient is
abruptly applied across the capillary wall, this equilibrium is
suddenly abolished, and in the first instant after the medium is
changed filtration is not opposed by a significant hydrostatic
gradient and is not influenced by blood flow. The close corre-
spondence of K,' estimated by micropuncture and in vitro
methods in normal rats indicates that equivalent hydrostatic
and oncotic pressure gradients have similar effects on trans-
mural fluid movement when the glomerulus is uniformly per-
fused and filtration equilibrium has been overcome.
Changes in glomerular function in altered physiologic or
disease states may produce divergent results with the in vitro
and in situ methods. If certain capillaries within a glomerulus
are relatively poorly perfused because of intralumenal obstruc-
tion or changes in vascular or mesangial tone, they will filter at
less than maximal capacity, and single nephron filtration rate
will decrease. Because part of the glomerulus may be function-
ally removed from filtration whereas capillary permeability per
unit of filtering area may remain constant, filtration per glomer-
ulus will decrease, and K,' estimated from in situ measurements
will fall. By contrast, in in vitro studies of isolated glomeruli, all
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capillaries that contain blood are probably accessible for filtra-
tion. Filtration may occur in vitro even when there is a
segmental or generalized increase in resistance to red cell
movement within capillaries. For example, we have observed
segmental alterations of glomerular erythrocyte movement in
glomerulonephritis [21] and generalized impairment in other
types of acute renal failure [22, 23]. Thus, although in normal
glomeruli in situ and in vitro estimates of K correspond
reasonably, in altered states Kf estimates in these two settings
may show marked discrepancies. In these situations, the in
vitro method may give the best estimate of the hydraulic
conductivity of the capillary barrier, that is, the unique filtration
coefficient of the membrane (Lv), whereas, the in situ method
probably gives the best estimate of the absolute extent of
filtration per glomerulus (LA) under the conditions being
studied. Most of the in situ studies of dog glomeruli have been
carried out under conditions of reduced renal artery pressure [3,
11]. Conceivably, the different values for Kf of dog glomeruli
obtained in vitro and in situ may reflect utilization of different
portions of the capillaries for filtration.
The new method reported here has wide application. For the
first time, glomeruli from both superficial and deep regions of
the kidney of various species are accessible to study. The direct
effects of several potential mediators of altered glomerular
function may be studied in isolation from their confounding
systemic effects. Moreover, the method appears to be a useful
adjunct to the study of glomerular pathophysiology in a variety
of disease states in laboratory animals [2 1—23] and in humans.
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